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ABSTRACT
We present a library of high-resolution (R ≡ λ/∆λ ∼ 45,000) and high signal-to-noise ratio (S/N
≥ 200) near-infrared spectra for stars of a wide range of spectral types and luminosity classes. The
spectra were obtained with the Immersion GRating INfrared Spectrograph (IGRINS) covering the
full range of the H (1.496-1.780 µm) and K (2.080-2.460 µm) atmospheric windows. The targets
were primarily selected for being MK standard stars covering a wide range of effective temperatures
and surface gravities with metallicities close to the Solar value. Currently, the library includes
flux-calibrated and telluric-absorption-corrected spectra of 84 stars, with prospects for expansion to
provide denser coverage of the parametric space. Throughout the H and K atmospheric windows, we
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identified spectral lines that are sensitive to Teff or log g and defined corresponding spectral indices.
We also provide their equivalent widths. For those indices, we derive empirical relations between the
measured equivalent widths and the stellar atmospheric parameters. Therefore, the derived empirical
equations can be used to calculate Teff and log g of a star without requiring stellar atmospheric models.
Keywords: atlases – infrared: stars – techniques: spectroscopic
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1. INTRODUCTION
Spectral libraries are important for science efficiency and repeatability. By understanding stan-
dard stars very well, we can also study stellar populations and chemical abundances throughout the
Galaxy. While a number of stellar spectral libraries are available, many are at optical wavelengths
and low- to moderate-resolution. The number of spectral libraries with high spectral resolution in the
near-infrared (NIR) is very limited. NIR spectral libraries are useful for studying the cool phenomena
of the universe: physics of cool stars, circumstellar objects such as planets and disks surrounding
young stellar objects (YSOs), and the extended atmospheres of evolved stars. Compared to the red
part of their optical spectra, the NIR spectra of cool stars are better suited for detailed spectro-
scopic study (especially in the J and H atmospheric windows, hereafter bands) as they contain fewer
molecular bands. When determining equivalent widths (EWs) the broad molecular bands make the
continuum level hard to determine and affect the measurement of narrow atomic lines. Also, the
smaller extinction in the NIR, relative to optical wavelengths, provides us access to dust obscured
stars across the Galaxy. Additionally, a NIR stellar library is useful for population synthesis of cool
stars at the wavelengths where they are brightest.
Over the past four decades, a number of infrared spectral libraries have been developed (see Table
1 in Rayner et al. 2009). For example, Rayner et al. (2009) presented an intermediate-resolution
(R ≡ λ/∆λ ∼ 2000) NIR spectral library of 210 F, G, K, and M stars that covers 0.8-5 µm, and
this library provided flux calibrated spectra across this wide wavelength range for the first time.
Moderate-resolution spectra are suitable for studying variations in strong spectral features, but many
lines remain blended. For example, Figure 1 shows how the important Na I features at 2.2 µm are
contaminated by lines of Si and Sc when observed at lower resolution (see Table 7 in Ramirez et al.
1997; Doppmann & Jaffe 2003). High-resolution spectroscopy “resolves” this problem. In addition,
Lebzelter et al. (2012) provided a library of high-resolution (R ∼ 100,000) NIR spectra for 25 stars
observed with CRIRES at the VLT. However, the small number of stars observed with CRIRES
leaves the spectral type and luminosity class space coarsely sampled. The primary reason for the
small sample in the CRIRES library is that the broad spectral coverage (1-5 µm) required about 200
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instrument settings to cover the full wavelength range, and about 70 settings to cover the entire H-
and K-bands. Other large surveys like APOGEE (Zamora et al. 2015, and references therein) will
obtain hundreds of thousands of NIR spectra, but the planned spectral coverage is narrow and it will
not provide a comprehensive library covering the entire parametric space.
Currently, a uniform library of high-resolution NIR spectra covering all spectral types and lumi-
nosity classes is not available. Although low- and moderate-resolution spectra are appropriate for
extragalactic studies, because of the faintness of the targets and their internal velocity dispersions of
100 to 250 km s−1, there is an ongoing need for a high-resolution spectral libraries in the Galactic
context. One consequence of the absence of such libraries is that only strong and isolated lines have
been used for studies. High-resolution NIR spectra will reveal lines with small equivalent widths
that can be more sensitive to stellar properties and to abundances of less common elements (Afs¸ar
et al. 2016). At R=45,000, lines in most stars are well-resolved and the line shapes offer an ad-
ditional window into the stellar properties. High-resolution stellar spectra covering wide ranges of
effective temperature and surface gravity will test atmospheric models with unprecedented accuracy
and permit modeling to improve infrared atomic and molecular line data.
In this paper, we present a high-resolution (R ∼ 45,000) and high signal-to-noise ratio (S/N ≥ 200)
NIR spectral library covering a broad range of spectral parameters. The spectra were obtained with
the Immersion GRating INfrared Spectrograph (IGRINS, Yuk et al. 2010; Park et al. 2014; Mace
et al. 2016). IGRINS has a resolving power of R ∼ 45,000 and covers the full H (1.49-1.80 µm) and
K (1.96-2.46 µm) bands, simultaneously. The data presented in this paper was obtained as part of
the “IGRINS spectral library (PI : Jeong-Eun Lee)” Legacy program1. We present spectra, derived
equivalent widths, and empirical relations based on the spectral catalog.
2. TARGET SELECTION
1 Korean IGRINS Legacy Program -
http://kgmt.kasi.re.kr/kgmtscience/kgmt_igrins/legacy/selected.html
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The targets in our library were selected to be MK standard stars (Walborn 1973; Garcia 1989;
Garrison 1994; Montes et al. 1997; Montes & Martin 1998; Munari & Tomasella 1999; Marrese
et al. 2003; Cushing et al. 2005; Rayner et al. 2009) with well-defined spectral types and luminosity
classes. We have adopted the following criteria for making our selection: 1) MK standard star,
2) low rotational velocity, 3) low chromospheric activity, 4) low variability, and 5) not a known
binary/multiple system. This paper presents spectra of 84 targets. While this sample covers spectral
types between O and M (O4-M6) with luminosity classes between I and V, they mostly have solar
metallicity and are relatively bright stars. Also, the sample is biased toward the late-type stars since
they have more atomic and molecular lines in the NIR. More than half of the targets (63 stars) are
stars later than F0. Table 1 lists the spectral composition of the IGRINS Spectral Library. Other
than one star (HD 216868, G5 with unknown luminosity class), all of our sample has well established
spectral types and luminosity classes.
Individual target information is listed in Table 2 which contains object name, spectral type, Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006) H- and K-band magnitudes, observation
date, total exposure time, S/N at 2.2 µm, A0 standard star for telluric correction, heliocentric radial
velocity, radial velocity, references for radial velocity, and references for target selection. The S/N for
each star in Table 2 is the medians of the S/N values per resolution element for λ=2.21 ∼ 2.24 µm.
About half of our targets (47 stars), have their stellar atmospheric parameters (Teff , log g, and [Fe/H])
taken from the literature. Among these 47 stars, the stellar atmospheric parameters of 36 stars are
from the ELODIE (Prugniel et al. 2007), MILES (Prugniel et al. 2011) and CFLIB libraries (Wu
et al. 2011). This is an inhomogeneous collection of the stellar atmospheric parameters, therefore,
we tried to compile the data as uniformly as possible. In the ELODIE library (Prugniel et al. 2007),
stars were selected that have known stellar atmospheric parameters: Teff , log g, and [Fe/H]. The
majority of atmospheric parameters are from the catalogue by Cayrel de Strobel et al. (1997) and
Cayrel de Strobel et al. (2001). The MILES (Prugniel et al. 2011) and CFLIB (Wu et al. 2011)
libraries redetermined atmospheric parameters by using the ULySS program (Koleva et al. 2009).
The uncertainties of these three libraries are compared in Table 3.
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For stars without Teff information from the literature, Teff was calculated from the Teff(B-V) relation
(Flower 1996; Torres 2010). The standard deviation of the differences between Teff(Ref.) and Teff(B-
V) is about 200 K for common stars, and this value is adopted as the error of Teff(B-V). Most of the
calculated Teff(B-V) are in the 1σ uncertainty and we therefore have adopted the Teff(B-V) for all of
our sources. However, if the B-V value is greater than 1.5, the calculated Teff(B-V) shows greater
scatter (Gray 2005) and objects above this cutoff were not included in our analysis.
The distribution of our selected targets on the modeler’s Hertzsprung-Russell Diagram, and the
histograms of effective temperature and metallicity for the library are shown in Figure 2, where stars
with their known photospheric parameters (47 stars) are presented. The median and average value
of [Fe/H] is about 0.05 and 0.02, respectively, which is a typical value of the solar neighborhood.
3. OBSERVATIONS AND DATA REDUCTION
3.1. Observations
The spectra in this library were obtained with IGRINS on the 2.7 m Harlan J. Smith Telescope
(HJST) at McDonald Observatory during multiple observing runs from 2014 to 2016. IGRINS makes
use of low-noise H2RG detectors, a silicon immersion grating, and volume-phase holographic (VPH)
cross-dispersers to maximize throughput and efficiency. As a result, IGRINS provides the full spectral
range of the H (1.49-1.80 µm) and K (1.96-2.46 µm) bands with R ∼ 45,000 (corresponding to a
velocity resolution of ∆v=(∆λ/λ × c) ∼ 7 km s−1) with a single exposure. IGRINS mounted at the
Cassegrain focus of the HJST has the slit size of 1′′×15′′ and 3.5 pixel sampling across the slit.
Individual stars were observed several times at different positions on the slit to better subtract the
sky background. The majority of the stars, whose K-band magnitudes are fainter than 3 mag, were
obtained in a series of ABBA nodding observations (nod-on-slit mode) along the slit at positions
separated by 7′′. Brighter targets were observed with the nod-off-slit mode where the A position is
on the slit and the B position places the target off the slit and we observe adjacent sky. For the
telluric correction, a nearby A0 star was observed immediately after or before the observation of each
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target and telluric standards are shared among targets of similar airmass. The average difference in
airmass between targets and their corresponding A0 telluric correction stars is 0.06.
3.2. Data Reduction
The spectra were reduced using the IGRINS pipeline version 2 (Lee & Gullikson 2017). The raw
data were flat-fielded to correct the pixel-to-pixel variations, and bad pixels were masked out. The
spectra were extracted from pair-subtracted images (A-B), which effectively removes sky background.
The 2-d spectra were first corrected for the distortion in the dispersion direction, then combined into
a final 2-d spectrum and a modified version of the optimal extraction algorithms of Horne (1986)
was applied to produce 1-d spectra for each order. The wavelength solutions were derived using OH
emission lines from the spectra of blank sky. In the longer wavelength part of the K-band where there
are fewer OH lines, other molecular lines are used. Typical velocity uncertainties are < 0.2 km s−1
in the H-band spectrum and better than ∼ 1 km s−1 in the K-band spectrum. Furthermore, refined
wavelength solutions are generated using telluric absorption features. The final wavelengths are given
in vacuum. A representative spectrum from the IGRINS Spectral Library for HD 44391 (K0 Ib) is
shown in Figure 3.
The target spectrum is then corrected for the shape of the blaze function and the telluric absorption
using the spectra of A0 V stars. Estimating the shape of the blaze function requires the intrinsic
broad hydrogen lines of A0 V to first be divided out. The pipeline employs the Kurucz model of
Vega2 convolved to the spectral resolution of IGRINS. While this provides adequate results for most
of our targets, some display residuals larger than our average flux uncertainties at the location of
the hydrogen lines. Further adjustments to line profiles of the Kurucz model provided marginal
improvements and these objects are marked with a dagger symbol (†) in Table 2. We note that
Hydrogen lines are intrinsically broad and their persistence has a negligible effect on the analysis of
the narrow features we are interested in. After the removal of hydrogen lines, the data were corrected
for telluric absorption lines in the individual orders, as shown in Figure 4. While the spectra of telluric
2 http://kurucz.harvard.edu/stars/vega
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standards are observed at a similar airmass to that of the target, changes in instrument orientation
at the Cassegrain focus of the HJST introduce small amounts of shift in the wavelength solution
(typically much less than 1 pixel; Mace et al. 2016). This shift is measured and compensated by
refining the telluric spectrum wavelength solution to match the target wavelength solution using sky
line locations in the raw spectra. The change in airmass (although small) is further compensated
by scaling the spectra. The A0 spectra were scaled by the difference of airmass between the target
and the A0 star (A0(airmassTarget/airmassA0)). Figure 4 shows an example spectrum of a target, an A0
telluric standard, and the telluric corrected target spectrum where not only are the telluric absorption
features removed but where the division also corrects for variations in instrumental throughput and
flattens the continuum.
Next, the spectra from all the individual IGRINS orders were combined to make a single continuous
spectrum and flux-calibrated by scaling the spectra using 2MASS photometry. For each target, we
computed the scale factor as
C =
F2MASS × 10−0.4×m
∫
Sλdλ∫
FλSλdλ
, (1)
where F2MASS is the flux converted from the 2MASS zero magnitude, m is the magnitude of the
object, Fλ is the observed flux, and Sλ is the response function of the 2MASS filters given by Cohen
et al. (2003). The flux calibration was performed for the K-band first, and then extrapolated to
the H-band. For the 80 stars out of 84, we provide flux-calibrated spectra. For the remaining four
stars, the blaze function of the target spectra is found to be significantly different from that of A0
V stars (likely caused by the target being located significantly off from the slit center), making flux
calibration using the A0 V stars difficult. For these four stars, we instead only present their flattened
spectra and they are marked with a star symbol (∗) in Table 2. Figure 5 shows the result of flux
calibration for HD 27277 (G8 III) and HD 19305 (K5 V), which are also included in the SpeX/IRTF
Spectral Library (Rayner et al. 2003, 2009). As shown in Figure 5, our flux calibration is consistent
with that of the IRTF/SpeX spectra. The flux difference between the IGRINS and SpeX spectra
is about 3% in the H- and K-bands, which is within the IRTF/SpeX flux calibration uncertainty of
10%. The uncertainty of our flux calibration includes error propagation. The flux calibration was
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additionally checked by using the synthetic color calculated with Equation 5 of Rayner et al. (2009).
As shown in Figure 6, the calculated synthetic color is consistent with that of the IRTF Spectral
Library, which demonstrates that our flux calibration is reliable and can be used in conjunction with
this library.
Finally, the spectra were shifted to heliocentric velocity using their radial velocity from the literature
and heliocentric radial velocity calculated using the rvcorrect package3 in the IRAF. The adopted
velocities are listed in Table 2. For three stars without radial velocity information available in the
literature (HD 228779, HD 216868, and BD+63 2073), we have measured the radial velocity either
using the He I 1.701 µm or Na I 2.209 µm lines. They are marked with ‡ in Table 2.
4. DATA AND ANALYSIS
4.1. Spectra
The digital version of the IGRINS Spectral Library is available at our website4. The pipeline-
reduced data are available in FITS format and the telluric corrected data are available in ascii
format. The telluric corrected ascii file contains wavelength (in vacuum, µm), flux (in cgs unit,
W m−2 µm−1), and total uncertainty (in cgs unit, W m−2 µm−1). The wavelength coverage of
IGRINS Spectral Library is 1.496-1.780 µm and 2.080-2.460 µm for H and K bands, respectively.
Representative H- and K-bands spectra of supergiants, giants, and dwarfs are shown in Figures 7-9,
which present the overall shape of the spectra with different spectral types and luminosity classes,
as well as the general trend of spectral features with spectral type. The wide wavelength range of
IGRINS spectra, and variations in the flux shape for different spectral types, make it difficult to
present absolute flux spectra in a single plot. Instead, we used the normalized flux at 1.6 µm and
2.2 µm for the H- and K-bands, respectively. The full spectral grasp and resolution of the IGRINS
Spectral Library is shown with the representative spectrum of HD 44391 (K0 Ib) in the Appendix.
4.2. Spectral Indices
3 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?rvcorrect
4 http://starformation.khu.ac.kr/IGRINS_spectral_library
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The identification of atomic and molecular features in spectra allows for the determination of stellar
atmospheric parameters such as effective temperature (Teff), surface gravity (log g), and metallicity
([Fe/H]). Early-type stars have relatively few spectral lines in their NIR spectra compared to those
of late-type stars. The representative lines in the early-type stars are neutral hydrogen and neutral
and ionized helium lines and some of those lines are known to have relations with stellar atmospheric
parameters (Lenorzer et al. 2004; Hanson et al. 2005). In this section, we focus on the main spectral
features of late-type stars and present spectral lines that can be used as indicators of particular stellar
atmospheric parameters.
The most prominent lines of late-type stars in the K-band are Ca I at 1.978 µm, Al I at 2.110
µm, Na I doublet at 2.20 µm, Mg I at 2.281 µm, and the series of CO overtone bands starting at
2.293 µm (Figure 10). Most of these lines are well-known to have relations between their EWs and
stellar atmospheric parameters (Kleinmann & Hall 1986; Ali et al. 1995; Ramirez et al. 1997; Ivanov
et al. 2000, 2004; Cesetti et al. 2013). The IGRINS Spectral Library K-band spectra are of the
highest quality between 2.08 µm to 2.46 µm because of dominant telluric absorption lines between
1.9-2.0 µm. One exception is the Ca I 1.978 µm line, which is strong and resides in a relatively clear
spectral region. We used the EW of the Ca I 1.978 µm line for analysis, but we do not provide the
spectra shortwards of 2.08 µm as part of the IGRINS Spectral Library.
Cesetti et al. (2013) defined spectral features as spectral indices if their EWs have correlations with
stellar atmospheric parameters. Adopting those definitions, we measured the EWs of isolated lines
to analyze the relation between the EWs and stellar atmospheric parameters. We investigated some
of the same features as Cesetti et al. (2013) but defined our own indices, with bandpasses suitable for
the resolution of our spectra, and the bandpass of each spectral index is target-dependent. We first
used our spectra to test the usefulness of the spectral indices centered on Na I, Ca I, and CO first
overtone bandhead, which show similar relations to what previous studies found (see Section 4.3).
We then searched for new spectral indices with the IGRINS spectra as listed in Table 4.
If the line corresponding to a spectral index of some star is blended with nearby spectral lines, we
did not measure the EW of the spectral line for that star. For example, the Fe I 2.226 µm line in
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HD 207089 is very strong, however, this line is contaminated by an adjacent spectral line. Because
the spectral lines are intrinsically wide in this particular star (HD 207089), the contamination of this
line is worse. Therefore, we did not measure the EW of the Fe I 2.226 µm line for HD 207089. The
EW is defined as
EW =
∫ (
1− Fline
Fcont
)
dλ, (2)
where Fline is the observed line flux density and Fcont is the continuum flux density at the central
wavelength. Gaussian fitting was conducted to define the wavelength range (bandpass) of each line;
the 3-sigma criterion was used for the bandpass, except for the CO band. The EW was calculated
by integrating the line flux over the bandpass defined by the 3-sigma criterion. In the case of the
CO 2.293 µm band, we used the integration range from 2.2933 to 2.2945 µm because this line is located
at the edge of the order. The EWs were estimated with a Monte Carlo method in which we measured
the EWs 100 times for each line, with random Gaussian errors multiplied by the observation errors in
the spectrum. The median value and the standard deviation derived from all 100 EW measurements
were adopted as the EW of an individual line and the uncertainty of the EW, respectively. For the
analysis, we focused on 53 late-type stars (from F- to M-types), that have high S/N (mostly ≥ 200)
and have atmospheric parameters available from the literature (43 stars) or have Teff calculated with
the Teff-(B-V) relation (10 stars). Table 5 lists the computed EWs, errors, stellar parameters, and
references of stellar parameters for late-type stars.
4.3. Spectral Diagnostics
Kleinmann & Hall (1986) found several temperature and luminosity sensitive features of late-type
stars in the K-band, such as Na I, Ca I, Brγ, CO and H2O. There are many other studies for spectral
indices by Lancon & Rocca-Volmerange (1992), Origlia et al. (1993), Ali et al. (1995), Ramirez et al.
(1997), Meyer et al. (1998), Ivanov et al. (2004), Ma´rmol-Queralto´ et al. (2008), Rayner et al. (2009),
and Cesetti et al. (2013). Here we apply these known diagnostic tools and present some new ones at
wavelengths covered by IGRINS.
4.3.1. Early-Type Stars
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Although our main focus is late-type stars, our sample covers about 20 early-type stars. Here we
provide a summary of dominant spectral features in early-type stars, covered by IGRINS, without
detailed analysis. Lancon & Rocca-Volmerange (1992) presented a NIR spectral library for early-
type stars, and since then numerous libraries of early-type stars have been added to the literature
(Dallier et al. 1996; Hanson et al. 1996; Repolust et al. 2005). More recently, Hanson et al. (2005)
presented an intermediate-resolution NIR library of O- and early-B type stars and identified a number
of spectral indices in the H- and K-bands. For example, in the O-type stars, He I and He II lines
are reliable temperature indicators. The strongest He I lines observed with IGRINS are at 1.701 µm
and 2.113 µm. Lenorzer et al. (2004) and Hanson et al. (2005) found that the strengths of these lines
increase with decreasing Teff in the temperature range of 25,000-50,000 K. Moreover, the spectral
features of He I at 1.701 µm and 2.113 µm change with luminosity class (Lenorzer et al. 2004). The
IGRINS spectra of early-type stars show the same trends as previous studies. Figures 11 and 12 show
the IGRINS spectra of the two He I lines at 1.701 µm and 2.113 µm in different luminosity classes
of O-, B-, and A-type stars. In addition, one of the strongest ionized helium lines in the K-band,
He II 2.189 µm, is present in all O-type stars in absorption (Conti et al. 1993; Hanson et al. 2005)
whereas this line does not appear in the B- and A-type stars (Figure 13).
The relation between the EW of He I 1.701 µm and spectral type is shown in Figure 14. Thirteen
stars (O4 - B5) show the He I 1.701 µm line in absorption and only five stars have known stellar
parameters. Therefore, we used spectral type instead of Teff . The EW of He I 1.701 µm increases
towards later spectral type in O-type stars, however, the relation shows a turnover at B-type stars.
Both of these lines have strong correlations with Teff (Pearson’s correlation coefficient of r=0.82 (O-
type) and r=0.96 (B-type)). Furthermore, we calculated p-values because of the small number of
data points, obtaining 0.02 for both of O- and B-type stars. The p-value is used for testing null
hypothesis to quantify the evidence of statistical significance. The smaller p-value indicates that the
significance is higher (Moore 2008). These values provide sufficient evidence to conclude that the
EW of He I 1.701 µm line is well correlated with Teff . The measured EWs and errors are listed in
Table 6.
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4.3.2. Late-Type Stars
The EWs of lines corresponding to spectral indices for late-type stars in the H-band are plotted as a
function of Teff and log g in Figure 15 and Figure 16, respectively. Previous studies of H-band spectra
are more limited than those in the K-band. Origlia et al. (1993) presented the H-band spectral indices
corresponding to Si I 1.59 µm and the CO v=6-3 bandhead at 1.62 µm. Meyer et al. (1998) identified
numerous atomic and molecular spectral indices (see their Table 4) corresponding to Mg I 1.575 µm,
Al I 1.672 µm, 1.677 µm, and Mg I 1.711 µm. Ivanov et al. (2004) also studied spectral indices
corresponding to Fe I 1.580 µm, Mg I 1.711 µm and other lines (see their Table 4).
As shown in Figure 15, the EWs of Fe I, Mg I, and Al I lines increase as Teff decreases although
some cool dwarfs (Teff ≤ 5000 K) are off the relation. Figure 16 shows a plot of the EWs as a function
of log g. Especially, the EWs of Fe I 1.534 µm, Al I 1.672 µm and Al I 1.677 µm lines show tight
correlations, except dwarfs ≤ 4000 K, with Teff while they show marginal correlation with log g (see
Section 4.4 for details). Therefore, Fe I 1.534 µm, Al I 1.672 µm and Al I 1.677 µm lines can be used
as Teff indicators of late-type stars from F- to M-types. Most of the spectral indices show no notable
trend with log g.
The EWs of lines corresponding to the spectral indices in the K-band are plotted as a function of
Teff and log g in Figures 17-18. As shown in Figure 17, the EWs of Ca I, Al I, Na I, Ti I, Mg I,
and CO overtone features increase as Teff decreases from F- to M-type. Based on the trend, these
spectral indices can be used as approximate indicators of Teff (spectral type). Especially, relatively
weak Ti I lines (2.222, 2.224, 2.232, and 2.245 µm) can be used as Teff indicators for stars with Teff
≤ 6000 K. On the other hand, strong Ca I 1.978 µm, Al I 2.110 µm and Na I 2.209 µm lines can be
applied for the wide range of Teff from 3000 to 7000 K. In the case of Ca I 2.266 µm, the spectral
line is contaminated at spectral types later than K4.5. Therefore, we only provide the EW of the
Ca I 2.266 µm line of stars whose spectral types are earlier than K4.5. The Na I doublet at 2.20 µm
becomes stronger with spectral type from F- to M-type (Kleinmann & Hall 1986; Ali et al. 1995;
Ramirez et al. 1997; Ivanov et al. 2000, 2004; Rayner et al. 2009; Rojas-Ayala et al. 2012; Cesetti
et al. 2013). In the previous studies with intermediate-resolutions, the Na I doublet features were
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not resolved, therefore, they provided a blended Na I 2.20 µm feature as an indicator of Teff . In
addition, Cesetti et al. (2013) measured the EW of Na I 2.20 µm as shown in Figure 1, however,
there are several metal features around the Na I doublet that must be considered (Figure 1; see their
Table 7 in Ramirez et al. 1997). With high-resolution IGRINS spectra, the Na I doublet is resolved
and we measure the EW of each Na I line (2.206 µm and 2.209 µm). Both of the Na I 2.206 µm
and 2.209 µm lines show similar trends with respect to Teff , but we present only Na I 2.209 µm here.
In the late K- or M-type dwarfs, Na I 2.206 µm is contaminated by nearby Si/Sc lines, whose ratio
decreases as Teff decreases in dwarfs (Doppmann & Jaffe 2003). The IGRINS spectra in Figure 19
show the same line proximities for all luminosity classes. Therefore, by resolving adjacent spectral
lines we can provide more accurate spectral indicators of stellar atmospheric parameters.
Figure 18 shows the plot of EWs as a function of log g. Except for dwarfs with log g > 4, most of
the spectral indices tend to decrease with log g. The CO overtone band 2.293 µm shows the strongest
log g dependency.
4.4. New Spectral Indicators
By combining the broad spectral grasp of IGRINS with our investigation of spectral indices in the
literature, we found new H- and K-band spectral indicators for Teff and log g. We note that while the
strengths of metal lines are sensitive to the Teff (Gray 2005; Takeda et al. 2002), the EWs of strong
lines can be overestimated by variations in microturbulence (Gray 2005). For this reason, the EW
measurements of weak lines are important for providing a more accurate Teff indicator. To detect
weak lines, we need to use high-resolution spectra, like those from IGRINS, to avoid line blending.
We have detected several Ti I lines (2.190, 2.201, 2.222, 2.224, 2.228, 2.232, and 2.245 µm) in the
K-band that are relatively weaker and narrower than other neutral metal lines. In addition, each of
the Ti I lines shows a strong correlation with Teff . Ti I 2.222 µm and Ti I 2.224 µm show the tightest
correlations (Figure 17). Figure 20 shows the Ti I 2.222 and 2.224 µm features for different spectral
types and luminosity classes.
Based on 53 stars with physical parameters we derive empirical relations between the EWs. We
adopted 31 stars which have measurable and unblended Ti I lines and Teff > 4000 K. As depicted in
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Figure 20, Ti I lines appear in cool stars, whose spectral types are later than G2 (Teff ≤ 6000 K).
Here, we present only the representative result of Ti I 2.224 µm, the most isolated Ti I line. Figure 21
(upper left) shows the relation between the EW of Ti I 2.224 µm and Teff . The sudden increase in
the EW of Ti I 2.224 µm with decreasing Teff implies that this line can be used as a Teff indicator.
We obtained the relation between the EW of Ti I 2.224 µm and the Teff using the linear least square
fitting,
Teff = (−3770± 88)EW (TiI2.224) + (5502± 16). (3)
The EW of Ti I 2.224 µm and Teff show a strong correlation with the Pearson’s correlation coefficient
(r) of 0.86 (p-value < 0.01) while the correlation between the EW of Ti I 2.224 µm and log g is
moderate (r=0.48, p-value=0.01). Moreover, according to the regression fitting analysis among the
EW of the Ti I 2.224 µm, Teff , and log g(EW (Ti) = −2.32 log Teff − 0.003 log gFit + 8.69), Teff affects
the line strength of Ti I 2.224 µm much more significantly than log g by a factor of 800. Therefore,
by measuring the EW of Ti I 2.224 µm we can empirically estimate the Teff of a star.
We have applied the same analysis to several other spectral features such as Al I 1.672, Al I 2.117,
Na I 2.209 (Figure 21), and CO 2.293 µm (Figure 22). We find that the atomic metal lines, such
as Fe I, Al I, Ca I and Na I show a turnover around 4000 K, especially for dwarfs (Figure 15 and
Figure 17). The strength of these lines increases with decreasing Teff until around 4000 K, at which
point they decrease with decreasing Teff . As a result, we adopted 48 stars which have Teff > 4000 K
for the analysis. Furthermore, the relation between Teff and EWs varies depending on the luminosity
class. However, the overall trend in supergiants, bright giants, giants and subgiants is similar.
Therefore, we derived two separate empirical equations for dwarfs and the other luminosity classes
(from supergiants to subgiants). The derived empirical equations for Teff are listed in Table 7.
Figure 21 shows the relations between the EWs of several lines and Teff . In cases of the Al I 1.672 µm,
Al I 2.117 µm, and Na I 2.209 µm lines, we used 48 stars for the relation between the EW and Teff
because more stars show clear detections of those lines even in hotter stars (up to 7000 K). However,
in case of the CO 2.293 µm feature (Figure 22), we used the same 31 stars as in the Ti I 2.224 µm line
analysis because this bandhead appears in cooler stars. As shown in Figures 21 and 22, these spectral
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indices have tight correlations with Teff . The calculated correlation coefficients and p-values are listed
in Table 8. The correlation coefficients and p-values show that these spectral indices are strongly
correlated with Teff . As a result, these four lines (Al I 1.672 µm, Al I 2.117 µm, Na I 2.209 µm,
and CO 2.293 µm) can be used as Teff indicators of late-type stars. To confirm the derived Teff from
equations in Table 7 we compared the calculated Teff with that adopted from references (Figure 23).
According to Figure 23, the average standard deviation is a few hundred K. Among them, Teff derived
by the EW of the Ti I 2.224 µm shows the smallest difference (standard deviation of 124 K) from
the reference Teff . Thus, Ti I 2.224 µm is the most sensitive line to the Teff .
Furthermore, the CO overtone band (v=2-0) is a useful indicator of luminosity class (Baldwin et al.
1973; Kleinmann & Hall 1986; Lancon & Rocca-Volmerange 1992; Cesetti et al. 2013). Figure 22
shows a clear correlation between the EW of CO 2.293 µm and log g as well as Teff , unlike other
metal lines. Therefore, we derived an empirical equation below for log g using the measured EW of
the CO 2.293 µm and Teff from the literatures:
log gFit = (−2.130± 0.003)EW (CO) + (−41.79± 0.05) log Teff + (162.54± 0.18). (4)
Figure 24 shows the relation between the reference log g (log gRef) and the log g (log gFit) estimated
with Equation 4. In Figure 24 we have adopted the Teff derived from the equations in Table 7, along
with the EW of CO 2.293 µm, to calculate the log gFit. The standard deviation of the differences
between log gRef and log gFit is 0.79. Alternatively, a more accurate Teff can be derived by using
Ti I 2.224 µm (Equation 3) to calculate log gFit. In this case, the standard deviation of the differences
between log gRef and log gFit is 0.83. Therefore, once we measure the EWs of Ti I 2.224 µm or other
Teff indicators in addition to CO 2.293 µm, we can empirically estimate both of Teff and log g of a
star without a stellar atmospheric model using the equations in Table 7 and Equation 4, respectively.
Unlike the CO feature, other lines do not show a strong correlation with log g for all luminosity
classes. However, the Al I 1.672 µm and Na I 2.209 µm line correlate weakly with log g for dwarfs.
The correlation coefficients between the EWs and log g are listed separately for dwarfs and the other
luminosity classes in Table 8. We summarized the derived empirical equations for Teff and log g,
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and the applicable Teff ranges in Table 7. The derived equations are appropriate for the stars with
near-solar abundance because our targets have typical solar metallicities.
5. CONCLUSIONS
We present the IGRINS Spectral Library of NIR spectra for 84 stars with high-resolution (R ∼
45,000) and high signal-to-noise ratio (S/N ≥ 200), as part of the IGRINS Legacy Project. The
library covers O- to M-type stars with luminosity classes between I and V. The observed spectra
were reduced using the IGRINS pipeline version 2, and hydrogen lines were removed by fitting the
Kurucz Vega model. Then, we performed a correction for the telluric absorption lines and absolute
flux calibration using the 2MASS photometry and bandpass profiles. Finally, the spectra were shifted
to heliocentric velocity.
In this paper we selected isolated spectral lines and measured their EWs to find spectral indicators
of stellar physical parameters (Teff and log g). However, our targets do not cover a sufficiently wide
range of [Fe/H] to investigate the relation between EWs and metallicity. Therefore, the relations
between EWs and stellar parameters (Teff and log g) derived from their indicators are applicable
exclusively for the stars with the near-solar abundances. We have found several spectral indicators of
Teff such as Al I 1.672, Al I 2.117, Na I 2.209, Ti I 2.224, and CO 2.293 µm. Among the five spectral
features, Al I 2.117 and Ti I 2.224 µm lines are newly found spectral indicators of Teff . Most of
these spectral lines do not have significant correlations with log g (Figure 16 and Figure 18), but CO
2.293 µm EWs correlate with Teff and also log g (Figure 22). Therefore, we found a relation among the
EW of the CO feature, Teff , and log g using a regression analysis (Equation 4). Surface gravity can be
calculated by measuring the EW of the CO overtone band 2.293 µm and the Teff derived from other
lines (Table 7) including the CO feature itself. The proposed method to estimate the stellar Teff and
log g relies on the features in the K-band that are less affected by reddening than shorter wavelength
NIR and optical spectroscopy. In addition, the spectral indicators are close in wavelength, so they
can be observed quickly and efficiently with spectrographs that have high-resolution, but shorter
wavelength coverage than IGRINS, making this diagnostic method easily accessible. In conclusion,
the derived relations (Table 7) provide empirical ways to estimate the Teff and the log g of late-type
18 Park et al.
stars without direct comparison to stellar atmospheric models for all the sources, which is a valuable
tool for population studies.
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Figure 1. Comparison of IRTF/SpeX (upper) and IGRINS (lower) spectra of HD 27277 (G8 III). The
moderate-resolution IRTF/SpeX spectrum does not resolve the Na I doublet and nearby spectral lines such
as Sc I at 2.2058 µm and Si I at 2.2068 µm, while the high-resolution IGRINS spectrum shows each spectral
feature clearly. The red dashed line indicates the EW bandpass employed to study the IRTF/SpeX spectrum
(Cesetti et al. 2013).
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Figure 2. Physical parameters for the targets in the IGRINS Spectral Library. In total, 47 stars have
physical parameters in the literature. The detailed values and references are listed in Table 5. Left: The
surface gravity as a function of effective temperature for our targets. Red, black, green, orange, and blue
symbols represent supergiants, bright giants, giants, subgiants, and dwarfs (main-sequence stars), respec-
tively. Middle: The effective temperature distribution of the targets, which reveals that a majority of the
targets are late-type stars. Right: The metallicity distribution of the targets in the spectral library. The
typical value of the metallicity ([Fe/H] ∼ 0.05) is approximately solar composition.
Figure 3. Representative H- and K-band spectra of HD 44391 (K0 Ib). Line identification was made using
the Arcturus line list from Hinkle et al. (1995). The full spectrum is presented in the Appendix.
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Figure 4. Example of the telluric correction method. The top and middle panels show the pipeline output
spectrum of HD 44391 (K0 Ib) and HIP 31434 (A0 V), respectively. The bottom panel shows the telluric
corrected spectrum, which is created by dividing the target spectrum by the Vega-corrected, shifted and
scaled A0 spectrum.
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Figure 5. Results of flux calibration compared to the IRTF Spectral Library. Top and bottom panels
show the result of flux calibration of HD 27277 (G8 III) and HD 19305 (K5 V), while the left and right
panels show the H- and K-band spectra, respectively. Black lines indicate the observed spectra from IGRINS
(R ∼ 45,000), while the red lines show the IRTF/SpeX spectra (R ∼ 2,000). The cyan line represents the
resolution-convolved IGRINS spectrum (R ∼ 2,000). The flux ratio of the convolved IGRINS spectrum to
the IRTF/SpeX spectrum is shown as the scale factor in the legend.
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Figure 6. Computed synthetic colors (H-KS) from flux calibrated IGRINS spectra. Left: The comparison
of synthetic colors between synthesized 2MASS values and observed values from the 2MASS Point Source
Catalog (Cutri et al. 2003). Right: The distribution of residuals between the points in the left panel. Black
line represent the values of all the flux calibrated 80 stars, while blue and red symbols present 2MASS
photometry data with < 10% and < 5% uncertainties. The average and rms of residuals are 0.02 and 0.06
for 80 stars which are in a good agreement with those of Rayner et al. (2009) (< ∆H−KS > = 0.02 ± 0.04).
The average and rms of residuals are (< ∆H −KS > = 0.05 ± 0.06) and (< ∆H −KS > = 0.06 ± 0.07)
for the 2MASS photometry with 10% and 5% uncertainty, respectively.
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Figure 7. Supergiant stars observed with IGRINS. H-band spectra are shown in the top panel and K-band
spectra are in the bottom panel. The spectra are of HD 6130 (F0 II), HD 190323 (G0 Ia), HD 108477 (G5
II), HD 44391 (K0 Ib), BD+63 2073 (M0 Ib), and BD+56 512 (M4 Ib). Red and cyan lines indicate the
position of Brackett series and CO overtone rovibrational transitions.
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Figure 8. Giant stars observed with IGRINS. H-band spectra are shown in the top panel and K-band
spectra are in the bottom panel. The spectra are of HD 15558 (O4.5 III), HD 48434 (B0 III), HD 124850
(F7 III), HD 27277 (G8 III), HD 94600 (K1 III), and HD 132813 (M5 III). Red and cyan lines indicate the
position of Brackett series and CO overtone rovibrational transitions.
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Figure 9. Dwarf stars observed with IGRINS. H-band spectra are shown in the top panel and K-band
spectra are in the bottom panel. The spectra are of HD 47839 (O7 V), HD 7804 (A3 V), HD 27397 (F0 IV),
HD 117043 (G6 V), HD 122064 (K3 V), BD+44 3567 (M3 V), and BD-07 4003 (M5 V). Red and cyan lines
indicate the position of Brackett series and CO overtone rovibrational transitions.
IGRINS Spectral Library 31
Figure 10. Comparing line strengths for different luminosity classes. From top to bottom, spectral features
of Ca I 1.978, Al I 2.110, Na I 2.209, Mg I 2.281, and CO 2.293 µm are shown. The strength of these lines
increase with decreasing effective temperature. Line identification was made using the Arcturus line list
from Hinkle et al. (1995). Red and blue sticks indicate the location of atomic lines and CN molecules,
respectively. The location of CO overtone rovibrational lines are marked with black sticks. For the CO
molecular features, HITRAN line lists (Gordon et al. 2017) were adopted.
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Figure 11. The He I 1.701 µm line for different spectral types and luminosity classes of hot stars.
Figure 12. The He I 2.113 µm and 2.114 µm lines for different spectral types and luminosity classes of
hot stars.
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Figure 13. The He II 2.189 µm line for different spectral types and luminosity classes of hot stars.
Figure 14. Equivalent widths of He I 1.701 µm as a function of spectral type. The values in the
parentheses indicate p-value. The different colors correspond to the supergiant (magenta), bright giant
(red), giant (cyan), subgiant (green), and dwarf stars (purple). The dotted line indicates the border between
O- and B-type stars.
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Figure 15. Equivalent widths of the lines corresponding to H-band spectral indices as a function of
effective temperature. The different colors correspond to the supergiant (magenta), bright giant (red), giant
(cyan), subgiant (green), and dwarf stars (purple). The EWs of Fe I, Mg I, and Al I lines increase as Teff
decreases although some cool dwarfs (Teff ≤ 5000 K) are off the relation.
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Figure 16. Equivalent widths of the lines corresponding to H-band spectral indices as a function of surface
gravity. The different colors correspond to the supergiant (magenta), bright giant (red), giant (cyan),
subgiant (green), and dwarf stars (purple). Most of the spectral indices show no notable trend with log g.
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Figure 17. Equivalent widths of the lines corresponding to K-band spectral indices as a function of effective
temperature. The different colors correspond to the supergiant (magenta), bright giant (red), giant (cyan),
subgiant (green), and dwarf stars (purple). Zero level is denoted by a dashed line. The EWs of Ca I, Al I,
Na I, Ti I, Mg I, and CO overtone features increase as Teff decreases.
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Figure 18. Equivalent widths of the lines corresponding to K-band spectral indices as a function of surface
gravity. The different colors correspond to the supergiant (magenta), bright giant (red), giant (cyan),
subgiant (green), and dwarf stars (purple). Zero level is denoted by a dashed line. Most of the spectral
indices tend to decrease with log g, except for dwarfs with log g > 4. The CO overtone band 2.293 µm shows
the strongest log g dependency.
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Figure 19. Si and Sc lines in the K-band IGRINS spectra for different spectral types. The strength of the
Si I 2.2069 µm line relative to that of the Sc I 2.2071 µm line decreases with decreasing effective temperature
(Ramirez et al. 1997; Doppmann & Jaffe 2003).
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Figure 20. Neutral titanium features at 2.222 and 2.224 µm for different spectral types and luminosity
classes. As shown in Figure 17, the strength of Ti I lines increases with decreasing effective temperature.
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Figure 21. Equivalent widths of the lines corresponding to four spectral indices (Ti I 2.224, Al I 1.672, Al
I 2.117, and Na I 2.209 µm) as a function of effective temperature. The different colors correspond to the
supergiant (magenta), bright giant (red), giant (cyan), subgiant (green), and dwarf stars (purple). These
four spectral indices have tight correlations with Teff (see Table 8).
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Figure 22. Left and right panels show the equivalent widths of CO 2.293 µm feature as a function
of effective temperature and surface gravity, respectively. Different colors indicate different type of stars:
supergiant (magenta), bright giant (red), giant (cyan), subgiant (green), and dwarf (purple). The EWs of
CO 2.293 µm feature have tight correlations with not only Teff but also log g.
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Figure 23. Comparisons between the effective temperatures calculated by equations in Table 7 (Teff (This
Paper)) and those adopted from references (Teff (Ref)). Ti I 2.224 µm shows the smallest difference between
two values. Therefore, among these spectral indices, Ti I 2.224 µm is the most sensitive line to the Teff . The
dotted line in each panel indicates equivalent Teff (This Paper) and Teff (Ref) values.
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Figure 24. Plot of log gRef vs. log gFit, where log gRef was adopted from the literature and log gFit was
calculated using Equation 4. The Teff used to calculate log gFit is derived from the EW of CO 2.293 µm.
Once we measure the EWs of Ti I 2.224 µm or other Teff indicators in addition to CO 2.293 µm, we can
empirically estimate both of Teff and log g of a star without a stellar atmospheric model using the equations
in Table 7 and Equation 4, respectively. Magenta, red, cyan, green, and purple colors represent supergiants,
bright giants, giants, subgiants, and dwarfs, respectively. The dotted line indicates equivalent log gFit and
log gRef values.
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Table 1. Spectral Composition of Library
Spectral Type Luminosity Class
I II III IV V Unknowna
O 4 1 2 0 4 0
B 0 0 3 1 3 0
A 1 0 0 0 2 0
F 0 1 3 2 3 0
G 5 4 4 1 6 1
K 3 0 7 2 8 0
M 3 0 2 0 8 0
a Targets with no information of luminosity class.
Among the 84 stars, HD 216868 (G5) is the
only source with no information on its luminosity
class.
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Table 3. Comparisions of uncertainties
Library Spectral Range Teff log g [Fe/H]
K dex dex
ELODIE1 OBA > 250 0.15 0.12
ELODIE FGK < 100 0.15 0.12
ELODIE M < 100 0.15 0.12
MILES2 OBA 3.5% 0.17 0.13
MILES FGK 60 0.13 0.05
MILES M 38 0.26 0.12
CFLIB3 OBA 5.1% 0.19 0.16
CFLIB FGK 43 0.13 0.05
CFLIB M 82 0.22 0.28
References— (1) Prugniel et al. (2007); (2) Prugniel
et al. (2011); (3) Wu et al. (2011)
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Table 4. Spectral Indices
Element Central line Band Reference
Fe I 1.5339 H 1
Fe I 1.5625 H 1
Mg I 1.5753 H 1, 2
Fe I 1.5803 H 1, 3
Fe I 1.6289 H 1
Fe I 1.6491 H 1
Al I 1.6723 H 1, 2
Al I 1.6768 H 1, 2
He I 1.7007 H 1, 4, 5
Mg I 1.7113 H 1, 2, 3
Ca I 1.9782 K 1, 6, 7
Al I 2.1098 K 1
He I 2.1126 K 1, 4, 5
Al I 2.1169 K 1
He II 2.1885 K 1, 4, 5
Na I 2.2089 K 1, 3, 6, 7, 8, 9, 10
Ti I 2.2217 K 1
Ti I 2.2238 K 1
Fe I 2.2263 K 1
Ti I 2.2318 K 1
Ti I 2.2450 K 1
Fe I 2.2479 K 1
Ca I 2.2657 K 1, 8, 9
Mg I 2.2814 K 1, 3, 6, 7, 9
CO 2-0 2.2935 K 1, 3, 8, 9, 11, 12
References— (1) This work (new indices); (2) Meyer
et al. (1998); (3) Ivanov et al. (2004); (4) Lenorzer
et al. (2004); (5) Hanson et al. (2005); (6) Rayner
et al. (2009); (7) Cesetti et al. (2013); (8) Klein-
mann & Hall (1986); (9) Ali et al. (1995); (10) Rojas-
Ayala et al. (2012); (11) Lancon & Rocca-Volmerange
(1992); (12) Origlia et al. (1993)
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Table 6. EW of He I 1.701 µm of
early-type stars
Object Spectral Type EW
HD190429A O4 If 0.324 ± 0.153
HD46223 O4 V((f)) 0.397 ± 0.007
HD199579 O6.5 V 0.770 ± 0.005
HD47839 O7 V 0.930 ± 0.006
HD225160 O8 Iab 2.106 ± 0.834
HD228779 O9.5 Ib 2.783 ± 0.007
HD34078 O9.5 V 1.315 ± 0.004
HD10125 O9.7 II 1.739 ± 0.016
HD48434 B0 III 1.989 ± 0.006
HD21483 B3 III 1.005 ± 0.004
HD74280 B3 V 0.557 ± 0.006
HD32630 B3 V 0.679 ± 0.007
HD147394 B5 IV 0.205 ± 0.005
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Table 8. Correlation coefficients and p-values of spectral indicators
Spectral Index Teff log g
Dwarfs Othersa Dwarfs Othersa
Al I 1.672 0.90 (p < 0.01) 0.87 (p < 0.01) 0.72 (p < 0.01) 0.15 (p = 0.96)
Al I 2.117 0.87 (p < 0.01) 0.69 (p < 0.01) 0.69 (p = 0.01) 0.57 (p < 0.01)
Na I 2.209 0.86 (p < 0.01) 0.88 (p < 0.01) 0.74 (p < 0.01) 0.31 (p = 0.27)
Ti I 2.224b 0.86 (p < 0.01) 0.48 (p = 0.01)
CO 2-0 2.293b 0.86 (p < 0.01) 0.81 (p < 0.01)
a Luminosity classes of supergiant, bright giant, giants, and subgiant.
b For the Ti I 2.224 µm and CO 2-0 2.293 µm features, total stars (whole luminosity
classes) are used for the fitting.
Note—The values in the parentheses are p-values.
APPENDIX
A. SPECTRA
In Figures 25-26 we provide the full H- and K-band spectra of HD 44391 (K0 Ib).
B. SKY SPECTRUM
The median sky spectrum was generated by median-combining 297 sky spectra that were observed
between September 2015 and July 2016. The spectra suffer from contamination by other thermal
continuum background from the instrument and the telescope. To show only the line emission from
the sky, we present highpass filtered spectra (the original spectra were subtracted by median-filtered
ones with a kernel size of 128 pixels). We note that this procedure also removes the thermal continuum
background from the sky itself which becomes significant in the longer wavelength regime. Thus,
the presented spectrum is not suitable for any quantitative analysis, but good enough for qualitative
investigation. Figure 27 shows an example sky spectrum of H- and K-bands. The full spectrum is
available at our web page (http://starformation.khu.ac.kr/IGRINS_spectral_library.htm).
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Figure 25. The IGRINS H-band spectrum of HD 44391 (K0 Ib). The some narrow lines are the result of
bad telluric correction. Line identification was made using the Arcturus line list from Hinkle et al. (1995)
and HITRAN database (Gordon et al. 2017).
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Figure 25. Continued.
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Figure 25. Continued.
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Figure 25. Continued.
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Figure 25. Continued.
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Figure 26. The IGRINS K-band spectrum of HD 44391 (K0 Ib). Line identification was made using the
Arcturus line list from Hinkle et al. (1995).
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Figure 26. Continued.
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Figure 26. Continued.
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Figure 26. Continued.
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Figure 27. Average wavelength calibrated sky spectrum. The top and bottom panels show example sky
spectrum of H- and K-bands, respectively. Red marks indicate OH sky emission lines.
